of generating neurons or glial cells and in their migratory behavior. The molecular mechanisms underlying the and Laura Lillien ‡ § maturation of cortical progenitor cells during embryonic * Department of Neuroscience development are unknown, but recent studies suggest and Cell Biology that timing mechanisms based on both temporal changes
Introduction genitor cells that give rise to the cerebral cortex also express EGFRs and respond to receptor stimulation in During corticogenesis, cells in the proliferative regions several ways. At early stages of cortical development, lining the lateral ventricles, the ventricular (VZ) and subprogenitor cells in the VZ do not respond to EGF or ventricular (SVZ) zones, differentiate into neurons and TGF␣ by dividing (Kilpatrick and Bartlett, 1993 ; Ferri et glia that migrate toward the pial surface of the develal., 1996) , but instead differentiate into neurons expressoping brain. Neurons, arising mostly from the VZ, exhibit ing a particular regional identity (Ferri and Levitt, 1995) . a classic "inside-out" pattern of lamination, such that During later stages of embryonic development, when the deeper layers of the cortical plate (CP) are generated the SVZ begins to develop, cortical progenitor cells acfirst, and the more superficial layers are generated later quire the competence to divide in response to EGF and (Berry et al., 1964; Hicks and D'Amato, 1968; Rakic, TGF␣ (Kilpatrick and Bartlett, 1995) . In fact, the SVZ in 1974). Glial cells, arising mostly from the SVZ, exhibit a late embryonic as well as adult brain has been reported bilaminar distribution pattern in the marginal zone and to contain a small population of progenitor cells that deep cortical plate initially (Kostovic et al., 1975; Voigt remains multipotential and capable of extensive prolifer-1989) but then settle uniformly throughout the cortex ation as well as self-renewal in response to EGF and (Levison et al., 1993; Zerlin et al., 1995) . In the rat, neu-TGF␣ Weiss, 1992, 1996; Reynolds et al., rons are generated primarily between embryonic day 12 1992). The mechanisms underlying these changes are (E12) and E17, whereas glial cells are generated primarily unknown, but one of the ways in which cortical progeniduring late embryonic and early postnatal stages (retor cells change is their expression of EGFRs, which viewed by . Early (VZ) and later increases during late embryonic and early postnatal de-(SVZ) progenitor cells therefore differ in their probability velopment (Seroogy et al., 1995; Eagleson et al., 1996; Kornblum et al., 1997) , as observed in retina (Lillien and Wancio, unpublished data) . § To whom correspondence should be addressed.
Figure 1. Virus Infects Progenitor Cells in the VZ of Cortical Explants
Explants of E15 cortex were infected and stained 1 day later with X-gal (A), diamidophenylindole (B), or BrdU (C). The infected cells are located in the lower third of the explant, below the developing CP, and within the region labeled by BrdU (C) that defines the VZ. The tissue in (C) was exposed to BrdU for 2 hr prior to fixation. Over the 4 days in culture, progenitor cells in explants continue to divide, differentiate, and migrate, illustrated by a thickening of the MAP-2ϩ CP. Scale bar ϭ 250 m.
To determine whether changes in the behavior of corResults tical progenitor cells are causally related to the number/ General Properties of Retroviral Infections density of EGFRs that they express at different stages of
The replication incompetent retroviruses used in these maturation, we introduced extra EGFRs into progenitor studies selectively infect dividing progenitor cells and cells in the VZ in the context of a normal cellular environtransduce either the histochemical marker ␤-geo (␤-gament in vivo and in vitro, and in the context of variable lactosidase ϩ neomycin phosphotransferase) alone levels of ligand in vitro. Extra receptors were introduced (control virus) or coexpress ␤-geo and the wild-type at midembryonic development in vivo and at three times human EGFR (EGFR virus) (Lillien, 1995) . In vivo, virus during development in vitro: E12, before the onset of was injected into the lateral ventricles of E14 and E15 neurogenesis when only the VZ is present; E15, during embryos, selectively infecting VZ cells (Austin and the period of peak neurogenesis, when the SVZ is just Cepko, 1990) . In vitro, progenitor cells in explants of beginning to form; and E18, at the end of neurogenesis E12, E15, and E18 cortex were exposed to virus in a and the onset of substantial gliogenesis, when the VZ way that favors infection of VZ cells (Figures 1A and is reduced, the SVZ has become more prominent (Hicks 1B) . This experimental strategy facilitated infection of and D 'Amato, 1968; Raedler and Raedler, 1978 ; Bayer VZ cells almost exclusively; for example, 1 day after and Altman, 1991), and EGFR expression normally ininfection of cortical explants at E15, nearly all labeled creases (Eagleson et al., 1996; Kornblum et al., 1997) .
cells were located in the VZ. Progenitor cells in explants This approach allowed us to modulate both receptor divide, migrate, and differentiate in close approximation and ligand levels at different ages to assess affects on to progenitor cells in vivo ( Figure 1 ). progenitor cell behavior. The experiments indicate that
To compare the relative level of virally transduced changes in EGFR levels may participate in the maturahuEGFR to endogenous EGFR, brains infected in utero tion of the proliferative regions during cortical developat E15 were stained 6 days postinjection, and explants ment, modulating responsiveness to environmental siginfected at E15 were stained 1 day postinfection. Secnals that regulate proliferation, cell fate, and migration tions were double labeled with antibodies against ␤-gal to identify infected cells and an anti-EGFR antibody that properties. located throughout the cortex, and noninfected cells in the cortex (n ϭ 15) and SVZ (n ϭ 10), the location of the highest endogenous immunoreactivity at E21, indicated that the level of virally transduced receptor was ‫-5.2ف‬ fold greater than the average level of endogenous EGFR ( Figure 2C ), i.e., within a physiological range for later progenitor cells. At the time of infection (E14-E15), the level of endogenous receptor is much lower ( Figure 2B ). Even 1 day after infection, however, relatively high levels of the virally transduced EGFR could be detected immunohistochemically ( Figure 2B ). Retroviral infection thus provided a means to examine the biological responses of VZ cells prematurely expressing higher levels of the EGFR in the context of a normal cellular environment, as well as in the presence of variable concentrations of ligand in vitro.
EGFR-Infected Cells Show Early Changes in Migration in Vivo
Initial examination of the distribution of cells infected in vivo with control or EGFR viruses following short survival times revealed differences in their distribution within the developing cerebral wall. The laminar distribution of X-gal-stained cells in the animals injected at E15 and sacrificed 2 days later (E15 ϩ 2) was determined as described in Experimental Procedures. In animals infected with the EGFR virus, as in control infected animals, ‫%09ف‬ of the labeled cells were located in the deepest half of the developing wall, but more of these cells had moved away from the zone (quarter) closest to the lateral ventricle compared to control infected cells (Figure 3a) . Thus, the EGFR-infected cells exhibited a modest migratory shift as early as 48 hr postinfection.
To analyze changes in migration after a longer period of survival (E15 ϩ 5), the developing cerebral wall was divided into five morphologically distinct zones (Boulder Committee, 1970) , and the positions of cells were determined by staining with anti-␤-gal antibody (see Experimental Procedures) . Quantitative analysis of cell distribution in the five zones highlighted the pronounced difference in laminar distribution of the EGFR-infected (f-h) E14 ϩ 7. Analysis was done as described for the E15-injected group. Chi-square analysis showed the groups to be different at the P Ͻ 0.0001 level.
as described in Experimental Procedures. In animals late prenatal and early postnatal cortex (Kostovic et al., 1975; Voigt, 1989) . The production of large numbers of infected with the control virus, the laminar distribution was biased toward the deeper layers of the developing astrocytes from E15 cortical progenitors after just 5 days would be highly unusual, based on classic thymidine CP, characteristic of the typical inside-out pattern of cortical neuronal development (Berry et al., 1964; Hicks birth dating (Hicks and D'Amato, 1968; Smart and Smart, 1982; Ignacio et al., 1995) and immunostaining (LeVine and D'Amato, 1968; Rakic, 1974) (Figure 3 ). Cells residing in the CP that were infected with the EGFR virus and Goldman, 1988). To confirm their identity, infected cells were examined by double labeling with an antibody exhibited a more restricted distribution, biased toward CP1, the deepest layer. Thus, the vast majority of the against the virally transduced ␤-gal and antibodies specific for cells of the astroglial lineage, the early glial EGFR-infected cells resided in two morphologically distinct locations, the deepest part of the developing CP marker S100␤ or the late marker glial fibrillary acidic protein (GFAP). There was a marked difference in cell (CP1) and the superficial marginal zone (Figures 3 and 4) , more characteristic of fetal astroglial cells than neurons.
phenotype, with a 5-fold increase in the percentage of EGFR-infected cells that express S100␤ and a 6-fold Similar changes in the distribution of infected cells were observed following injections at E14 (Figures 3e-3h) .
increase in the percentage that express GFAP ( Figure  5a ). Consistent with our analysis of cell position in the developing cerebral wall, the vast majority of the EGFR-Infected Cells Express Glial Markers Prematurely In Vivo S100␤ϩ cells in the EGFR-infected animals resided in two morphologically distinct zones, the deepest layers The abnormal bilaminar pattern of EGFR-infected cells in the E15 ϩ 5 fetuses is characteristic of the reported of the CP (CP1), and the superficial marginal zone (Figure 5b) . distribution of the earliest differentiating astrocytes in to later progenitor cells that already express higher levels of the receptor should not alter their behavior. To address these issues, and the contribution of limitations in ligand availability, we analyzed the behavior of progenitor cells infected at different ages and exposed to different concentrations of ligand in explant and monolayer cultures.
In vitro, infecting progenitor cells in the VZs of E15 dorsolateral cortical explants also resulted in an increase in the proportion of cells that expressed the astrocyte markers S100␤ or GFAP prematurely ( Figure  5c ), as observed in vivo. The addition of exogenous TGF␣ (1-10 ng/ml) to EGFR-infected cells increased the proportion of cells that expressed these markers ( Figure  5d ). In contrast, exogenous ligand did not increase the proportion of astrocytes in explants infected with control virus (Figure 5d ). Similar effects of receptor and ligand were observed in explants of E12 cerebral hemispheres ( Figure 5e ). When explants of E18 cortex were infected with EGFR virus and compared to control infected cells, however, no further increase in GFAP expression was observed after 4 days (Figure 5f ). These observations suggest that EGFR levels, rather than ligand levels, limit competence to respond to EGFR stimulation by increased astrocyte development at E12 and E15. By E18, however, the expression of endogenous EGFRs approaches levels that are saturating for the generation of astrocytes. Sufficient endogenous ligand therefore is present in explants and in vivo at midembryonic stages to drive the extra, virally transduced EGFRs.
Biased Cell-Type Choice and Proliferation Contribute to Premature Overrepresentation of Astrocytes
Premature expression of high levels of the EGFR in progenitor cells in the VZ resulted in early overrepresentation of astrocytes. We analyzed the possible contributions of changes in proliferation, survival, and cell-type specification to this effect by performing a clonal analysis in vitro. Progenitor cells in the VZ of E12, E15, and E18 explants were infected with either control virus or numbers of infected cells were present in each culture initially. After 3 days, cultures were stained with anti-␤-gal to identify infected clones and double labeled with EGFR Levels Become Saturating for Astrocyte MAP-2 as a neuronal marker or with S100␤ or GFAP as Generation with Age glial markers. These observations suggest that introducing extra When E12 or E15 cells were dissociated 1 day after EGFRs prematurely into VZ cells causes them to behave infection and grown as monolayers on poly-ornithine like later SVZ cells, which normally express more EGFRs.
without TGF␣, the majority of clones from both control They support the hypothesis that expression of a critical virus and EGFR-infected cells contained MAP-2ϩ neunumber/density of EGFRs by cortical progenitor cells is rons, and Ͻ30% contained S100␤ϩ or GFAPϩ astrorequired for progenitor cells to respond in specific ways cytes ( Figure 6 ). In the presence of exogenous TGF␣ to EGFR stimulation, but they do not demonstrate that (1.0-10 ng/ml, added daily), however, the proportion of the altered behavior of early progenitor cells represents EGFR-infected clones containing astrocytes increased the same response to EGFR stimulation that would be at least 3-fold, though no change was observed in conexhibited normally by later SVZ cells. Moreover, one trol infected cultures ( Figure 6 ). Similar results were observed using EGF instead of TGF␣ (data not shown). prediction of this hypothesis is that adding extra EGFRs (c-f) Explants were infected with control virus or EGFR virus at either E15, E12, or E18 and cultured for 3-4 days with or without TGF␣ (1-10 ng/ml, added daily). As in vivo, adding extra EGFRs to ϽE18 progenitor cells enhanced astrocyte development.
An increase in the proportion of clones containing did not affect clone size in control infected cultures, consistent with previous reports that cortical progenitor astrocytes was also observed when EGFR-infected E12 cells were cultured on Matrigel rather than poly-ornicells are not mitotically responsive to EGF or TGF␣ at these early ages (Kilpatrick and Bartlett, 1993 ; Ferri et thine. For example, in one experiment, 26% of clones on Matrigel contained S100␤ϩ cells in the absence of al. , 1996) . Most neuron-containing clones were small, with one to three cells, whether derived from cells TGF␣, compared to 91% in the presence of TGF␣ (10 ng/ml). infected with control virus or EGFR virus. Not all large clones were composed exclusively of GFAPϩ or S100␤ϩ The addition of TGF␣ to cultures of E12 and E15 cells infected with EGFR virus increased mean clone size cells, however, suggesting that other types of cells, such as neurons, O-2A lineage cells (Raff, 1989) , or undiffer-(number of cells per clone) compared to cultures grown without ligand, indicating that proliferation was enentiated progenitor cells might also be present in these clones. hanced (Table 1) . Clone number (number of clones per culture) was similar with and without ligand, indicating
In cultures of E18 cells, most clones infected with control virus contained neurons in the absence of TGF␣, that ligand did not enhance survival (Table 1 ). TGF␣ Progenitor cells were infected with control virus or EGFR virus and cultured as monolayers 1 day later. After 3 days in monolayer culture in the absence or presence of ligand (TGF␣, 1-10 ng/ml, added daily), cultures were double labeled with anti-␤-gal to identify infected clones, and either anti-MAP-2 to identify neurons, and anti-GFAP or anti-S100␤ to identify astrocytes. Each bar represents the mean Ϯ SEM from three to five experiments in which 42-206 clones were counted per condition.
and Ͻ10% contained astrocytes ( Figure 6 ). However, development therefore confers the ability to respond to EGFR stimulation prematurely in at least one way that when TGF␣ was added without introducing extra EGFRs at this age, the proportion of clones that contained normal progenitor cells respond several days later. astrocytes rose to ‫,%05ف‬ with a complementary decline in the proportion that contained neurons. Clone number
Introducing Extra EGFRs into Early VZ Cells Confers was not significantly altered by TGF␣, though average
Competence to Respond Like Later SVZ Cells: clone size increased (Table 1 ). Adding extra EGFRs had Proliferation of Multipotential Cells little further effect on response to TGF␣. For example, In addition to responding to EGFR stimulation by inin one experiment, 60% of control infected versus 67% creased astrocyte development, later SVZ progenitor of EGFR-infected E18 clones contained S100␤ϩ astrocells can also respond by dividing to form spheres of cytes when cultured in TGF␣ (10 ng/ml). This further multipotential cells when grown suggests that the number of EGFRs expressed by prounder culture conditions that differ in several ways from genitor cells is limiting for the development of astrocytes conditions used for clonal analysis (see Experimental at early stages of embryonic development but becomes Procedures). As Figure 7a illustrates, the ability to resaturating at later stages. spond to either EGF or TGF␣ by dividing to generate Clonal analysis therefore indicates that two mechaspheres can first be detected in cultures of E16-E17 nisms are likely to contribute to the increased astrocyte dorsolateral rat cortex. Adding extra EGFRs to E12 and development observed after introducing extra EGFRs E15 cells also conferred the ability to respond in this into early progenitor cells: enhanced proliferation and manner ( Figure 7b ). Most spheres were composed prebiased specification of multipotential cells to favor a glial dominantly of cells that express virally transduced cell fate. Normal progenitor cells acquire competence to huEGFRs and ␤-gal ( Figure 8) ; for example, 85.6 Ϯ 3.7% respond to EGFR stimulation in this way between E15 and E18. Introducing extra receptors at early stages of of spheres generated in 0.1 ng/ml EGF expressed the as described in Experimental Procedures ( Table 2 ). The results suggest that adding EGFRs prematurely to early progenitor cells conferred the ability to respond to receptor stimulation as normal progenitor cells would reon progenitor cell age. Normally, E16-E18 cells could spond several days later. Moreover, the appearance of generate spheres of multipotential cells in response to cells capable of responding in this manner at later em-EGF and TGF␣ without the introduction of extra EGFRs bryonic stages does not reflect the emergence of a sepa- (Figure 7a ). When extra EGFRs were added to E18 cells, rate lineage. Rather, the competence of individual prohowever, the probability that they generate spheres degenitor cells changes: progenitor cells infected with clined significantly when treated with concentrations of control virus at E15 acquired the capacity to respond ligand that were normally effective (Table 2 ). In contrast, to EGF by forming spheres over 3 days in culture (Table  adding extra EGFRs did not impair the differentiation of 2, compare control virus E15, 1 day and E15, 4 days).
later progenitor cells into astrocytes at these concentraAdding EGFRs to early cortical progenitor cells also tions of ligand (Figures 5 and 6) . A reduction in the reduced the concentration of ligand required for optimal probability of generating spheres was also observed responses by at least 10-fold compared to normal prowhen E16 progenitor cells were infected with EGFR virus genitor cells from E18 cortex. For example, in one experand cultured 1 day later with 1 ng/ml EGF: only 8 Ϯ iment, the probability of generating spheres from E18 3.6% of infected cells (N ϭ 3 experiments) generated cells was 356% in 1 ng/ml EGF, but only 31% in 0.1 spheres. Surprisingly, lowering the concentration of ling/ml EGF. In contrast, optimal responses among gand 10-fold (to 0.1 ng/ml) increased the probability of EGFR-infected cells were seen at 0.1 ng/ml EGF (see generating spheres to 66 Ϯ 1.5% (N ϭ 3 experiments). below). The observation that Ͼ100% of infected cells
The concentration of ligand that optimally stimulated sometimes generated spheres, particularly when grown the proliferation of multipotential cells therefore dein EGF, suggests that individual progenitor cells generclined with increasing progenitor cell age. ate more than one sphere in these cultures.
Discussion

Choice of Response Depends on Ligand Concentration and Progenitor Cell Age
Progenitors of the developing cerebral cortex undergo a normal transition from VZ to SVZ cells that parallels The observations described above suggest that progenitor cells expressing a critical number of EGFRs can the shift from generation of neurons to glia. This phenomenon is accompanied by a substantial increase in respond to receptor stimulation in at least two ways, division of multipotential cells or differentiation into EGFR expression (Eagleson et al., 1996; Kornblum et al., 1997) . In the present study, by prematurely elevating astrocytes. Several mechanisms appear to contribute to the choice between proliferation and differentiation.
EGFR levels, we induced early progenitors, which normally produce neurons and migrate to specific layers of The probability of generating spheres of multipotential cells depended in part on ligand concentration. For exthe CP, to behave as late, SVZ progenitors that normally produce glia and migrate to distinct regions of the cereample, in one experiment the average probability that an E15 progenitor cell infected with EGFR virus generated bral wall. Under appropriate culture conditions, adding extra EGFRs to early VZ cells also conferred another spheres 1 day after infection was 106% in 0.1 ng/ml EGF, 67% in 1.0 ng/ml EGF and only 17% in 10 ng/ml property characteristic of later SVZ cells, proliferation of multipotential cells to generate spheres when stimu-EGF. A similar concentration-dependent decline was observed in five different experiments. In these experilated with EGF or TGF␣. Taken together with previous studies in the retina (Lillien, 1995; Lillien and Wancio, ments, ligand was added every fourth day. When added daily, as in the cultures used for clonal analysis, 1.0 unpublished data), our observations in cortex suggest that temporal changes in EGFR number/density may ng/ml had effects comparable to 10 ng/ml added every fourth day.
represent a general mechanism for modulating the behavior of progenitor cells during development. Changes The probability of generating spheres also depended in the number/density of these receptors not only deterstate of progenitor cells. The fact that increasing EGFR number/density in earlier cortical progenitor cells was mine whether cells respond to specific extracellular signals at particular times during development, but also sufficient to confer competence to respond like later progenitor cells indicates that the number/density of contribute to the specification of their responses to these pleiotropic signals (Traverse et al., 1994; EGFRs that they express is the critical determinant. The expression of higher levels of EGFRs does not 1995; Lillien and Wancio, unpublished data) . Our study suggests that the normal increase in EGFR expression appear to restrict the potential of progenitor cells, but rather seems to raise the upper limit of receptor activaby progenitor cells during late gestational ages may serve as a mechanism in the control of progenitor cell tion that can be achieved. For example, when either normal E18 cells or earlier progenitor cells expressing maturation, modulating their choice of response to signals that affect regional identity, proliferation, cellular extra EGFRs were cultured at low density in the absence of exogenous ligand, they still differentiated primarily phenotype, and migration.
into neurons even though they expressed higher levels of EGFRs (see Figure 6 ). Only after the introduction of Changes in Progenitor Cell Behavior Reflect Limitations in EGFR Expression sufficient exogenous ligand did these cells respond by either dividing to generate spheres or differentiating into We have shown that the competence of cortical progenitor cells to exhibit several responses to EGFR stimulaastrocytes, and many of the cells in spheres expressing extra EGFRs differentiated into neurons upon withtion changes during the period between E15 and E18. This does not merely reflect a change at the population drawal of the ligand (see Figure 8 ). It is unclear from these studies whether preferential differentiation into level; rather, the competence of individual progenitor cells changes over time. Simply increasing the concenneurons in the absence of exogenous TGF␣ or EGF indicates that neurons represent a default fate (Qian et tration of ligand to which earlier cortical progenitor cells were exposed was not sufficient to elicit certain real., 1997), or reflects the presence of neuron-inducing signals in the cultures (Kilpatrick and Bartlett, 1993 ; sponses, though early progenitor cells are competent to respond to EGFR stimulation in other ways (Ferri and Ahmed et al., 1995; Johe et al., 1996) or the influence of prior exposure to neuron-inducing signals in vivo (EaLevitt, 1995; Eagleson et al., 1997 and from more recent time-lapse video microscopy of cortical slices (O'Rourke et al., 1992) . This range of midating studies in rats have shown that normally, cells first begin to reach the dorsal cortex 2-3 days after gratory rates is adequate for both EGFR and control infected cells to achieve the laminar distribution patterns initial uptake of the marker, with the majority of the cells remaining in the germinal zones (Hicks and D'Amato, observed, and thus, a mechanism based on enhanced 
Explants were infected with either control virus (transducing ␤-geo) or virus transducing wild-type EGFRs (and coexpressing ␤-geo).
One day or four days later, explants were dissociated and cultured in EGF or TGF␣ (1-10 ng/ml) under conditions that support the generation of spheres of multipotential cells. The number of infected cells was counted 1 day after dissociation by staining with X-gal, and the proportion of spheres that expressed the virally transduced genes 10-12 days later was determined by staining with either anti-␤-gal or anti-huEGFR antibodies to estimate the probability that an infected cell generates a sphere. N, number of experiments; ND, not determined. migration rates need not be invoked. Rather, the results ligand stimulation of cells expressing a critical level of EGFRs, indicating enhanced proliferation of progenitor are consistent with a mechanism in which increases in EGFR-mediated signaling stimulates the premature cells and/or astrocytes. Because astrocytes retain their proliferative capacity outside of the germinal zones, departure of progenitor cells arising from both the E14 and E15 VZ. For example, an effect on migration can be astrocyte proliferation could contribute to the increase in the proportion of astrocytes among EGFR-infected seen as early as 48 hr after infection at E15 (see Figure  3a) . With longer survival intervals, the cells infected with cells. Several observations suggest that selective expansion of astrocytes alone, however, is not responsible for the EGFR virus exhibited an even greater shift away from the VZ, further supporting the interpretation that the changes that we observed. Accelerated departure from the VZ can be detected as early as 48 hr postinfecthe EGFR-infected cells commence migration prior to the control infected cells. Consistent with this interpretation. In addition, very few astrocytes are present at E15, and they are not likely to be infected by intraventricular tion, the migration of subependymal cells was enhanced by EGF in adult rat forebrain (Craig et al., 1996) , and an injections of virus. This suggests that introducing extra EGFRs has its primary effect early, on the development abnormally thick VZ and an intermediate zone of variable size were seen in mice that are genetic nulls for the of VZ cells, not on preexisting astrocytes. No further increase in the proportion of astrocytes was seen be-EGFR (Threadgill et al., 1995) . tween 3 and 4 days postinfection in explants, or between E20 and E21 in vivo, consistent with the interpretation EGFR-Mediated Signaling Contributes that the early increase in the proportion of cells expressto Cell Fate Choices ing astrocyte markers did not result exclusively from Previous observations have implicated signaling via selective expansion of astrocytes. While we cannot exEGFRs in the development of astrocytes. For example, clude the possibility that some of the cells that we inmice expressing reduced levels of TGF␣ have a defected were radial glia, the clonal analysis in vitro sugcreased number of astrocytes (Weickert and Blum, gests that the majority of infected cells (Ͼ80%) are not 1995), and mice lacking EGFRs show delayed astrocyte radial glia but either multipotential or neuronally redevelopment (Hussain et al., 1996) . Several lines of evistricted progenitor cells. dence in the present study indicate that signaling via Signaling via EGFRs may promote the development EGFRs in the developing cortex contributes to the reguof astrocytes by several different mechanisms, for exlation of cellular phenotype. First, the laminar distribuample, affecting cell-type choice, maturation, and/or tion of infected cells suggests a change in phenotype.
proliferation. It could affect choice directly, or indirectly The most striking difference in the laminar distribution by either inhibiting neuronal differentiation or modulatof EGFR-infected cells was the high percentage of cells ing the responsiveness of progenitor cells to other sigin the MZ (see Figures 3 and 4) . The MZ normally connals that regulate their phenotype (Ahmed et al., 1995 ; tains two major cell populations during prenatal devel- Gross et al., 1996; Johe et al., 1996; Qian et al., 1997) . opment, Cajal-Retzius cells from the preplate and While our observations suggest that signaling via EGFRs astrocytes. Cajal-Retzius cells are generated during the participates in the regulation of cell fate, particularly the earliest phase of VZ maturation (E12-E13 in the rat) choice between neuronal and astroglial differentiation, (Konig et al., 1977; Bayer and Altman, 1990; Valverde et the observations that some astrocytes still develop in al., 1995), whereas astrocytes are generated later, from EGFR null mice (Hussain et al., 1996) and that astrocytes the SVZ (for example, see .
can be induced by other signals, such as CNTF (Johe Normally at E14 and E15, the ages infected, progenitor et al., 1996) and BMP-4 (Gross et al., 1996) , suggest that cells generate neurons that settle in the CP in an "insidethere may be multiple ways of generating astrocytes. out" pattern. The settling patterns of progenitor cells Rather than functioning specifically to regulate the neuinfected with control virus in our study are consistent ronal-glial choice, it is more likely that a change in the with this expected pattern. In contrast, the laminar distrilevel of signaling via EGFRs regulates the timing of probution of cells infected with the EGFR virus at either genitor cell maturation, conferring the ability to respond E14 or E15, following a 7 or 5 day survival, respectively, to EGFR stimulation in several ways that are characterisis characteristic of astrocytes at a later stage of developtic of later SVZ cells, one of which is the generation of ment (Kostovic et al., 1975; Voigt 1989) .
astrocytes with a higher probability. The second line of evidence for effects on cell fate is the premature expression of the astrocyte markers Ligand Concentration Contributes S100␤ and GFAP in vivo and in two types of culture to Response Specificity preparations among approximately half of the EGFRDifferent thresholds of EGFR stimulation have been suginfected cells. Moreover, in vivo, the majority of these gested to play a critical role in specifying responses in cells were located in the marginal zone and deep layer several developing systems (Raz and Shilo, 1993 ; Diazof the CP, as expected for fetal astrocytes. The third Benjumea and Hafen, 1994; Katz et al., 1995 ; Schweitzer line of evidence is the observation of an increase in the et Gabay et al., 1996; Golembo et al., 1996) . proportion of clones containing astroglial cells in the Although the component(s) that limit the extent of recepabsence of significant effects on survival. Most cells tor activation may differ in specific systems, in most that did not express an astrocyte phenotype instead cases, ligand availability appears to be limiting. In the differentiated into neurons. This may reflect their compresent study, however, limitations in both receptor exmitment to a neuronal fate prior to infection.
pression and ligand availability influenced the way cortical progenitor cells responded to stimulation of EGFRs. An increase in clone size was also observed following Previous studies (Ferri and Levitt, 1995) demonstrated that early VZ cortical progenitor cells were responsive to EGF and TGF␣, but unlike later SVZ cells, they responded by expressing a phenotype characteristic of neurons in limbic cortex rather than dividing or differentiating into astrocytes.
Our results suggest that a critical level/density of EGFRs earlier (E15), addition of receptors still enhanced sphere generation. In this culture assay, addition of extra EGFRs must be expressed to generate at least two responses.
therefore revealed a significant change in cortical proThe choice of responding by dividing as multipotential genitor cells between E15 and E17. While a number of cells rather than differentiating into astrocytes, however, different mechanisms could be involved, the effect of depends at least in part on ligand concentration, as reducing the concentration of ligand in E16 cultures shown recently for signaling mediated by FGF receptors supports the idea that this step-like change in respon- (Qian et al., 1997) .
siveness to exogenous EGFRs reflects changes in the Increasing concentrations of TGF␣ or EGF tended to level of endogenous EGFR signaling among cortical proreduce the probability of generating spheres of multipogenitor cells. Specific combinations of ligand and receptential cells after introducing extra EGFRs, but did not tor levels may therefore be used to define thresholds of reduce astrocyte differentiation in either explants or receptor activation that result in distinct cellular remonolayer cultures. This is consistent with observations sponses. At later stages, when cells express more in PC12 cells (Traverse et al., 1994) and retinal progenitor EGFRs, less ligand may be required to achieve lower cells (Lillien, 1995; Lillien and Wancio, unpublished thresholds of receptor stimulation. data), where lower levels of EGFR stimulation were assoIn vivo, most progenitor cells in the late embryonic ciated with proliferation, higher levels with differentiaand early postnatal cortex tend to differentiate predomition. These observations, together with age-dependent nantly into glial cells rather than behaving like multipochanges in responsiveness discussed below, suggest tential cells (Levison and Goldman, 1993; Luskin and that proliferation to generate spheres of multipotential McDermott, 1994; Reid et al., 1995 , 1997) . The tendency to generate astrocytes either that early cortical progenitor cells could respond to normally at later embryonic and postnatal stages or pre-TGF␣ or EGF in combination with specific extracellular maturely following introduction of extra receptors sugmatrix molecules present in Matrigel to express a phenogests that concentrations of ligands that stimulate type characteristic of limbic cortical neurons (Ferri and EGFRs are relatively high in explants and in vivo, even Levitt, 1995) . The observation that early progenitor cells at times before many astrocytes are normally generated. expressing extra EGFRs still differentiate into astrocytes EGFRs can be stimulated directly by TGF␣ and several when cultured on Matrigel and exposed to TGF␣ indiother ligands (Prigent and LeMoine, 1992) , some of cates that this combination of matrix and ligand per se which have been shown to be expressed in the develdoes not specify a limbic cortical fate. This neuronal oping cortex (Lazar and Blum, 1992 ; Abraham et al., response may require an even lower threshold of recep-1993) . EGFRs can also form heterodimers with other tor stimulation than proliferation to generate spheres members of the receptor family that bind heregulins ( Figure 9) . (Pinkas-Kramarski et al., 1996) . Preliminary observations indicate that signaling via virally transduced EGFRs can Intrinsic Differences in Progenitor Cells be activated by heregulins (L. L., unpublished data).
Contribute to Response Specificity
These ligands and the receptors that bind them are Adding extra EGFRs to E18 progenitor cells did not also expressed in proliferative regions of the developing impair astrocyte differentiation but produced a surpriscortex (Marchionni et al., 1993; Corfas et al., 1995) , raising reduction in sphere generation. A similar reduction ing the possibility that members of this family, as well was observed when EGFRs were added to E16 cells, as ligands that bind EGFRs directly, could be candidates the age at which sphere production could first be elicited for endogenous ligands that modulate the behavior of cells expressing critical levels of EGFRs. without addition of exogenous receptors. Just 1 day (Velu et al., 1989) , which coexpresses ␤-geo, were described preOur results in vitro suggest that SVZ cells expressing viously (Lillien, 1995) . The EGFR virus expresses the antigenically higher levels of EGFRs may only be able to generate a distinct wild-type human form of the receptor (175 kDa). The conlower threshold response like proliferation as multipostruct that we used contains an IRES sequence (Ghattas et al., tential cells, rather than differentiating into glial cells, 1991), which increases the frequency of coexpression of the EGFR where ligand levels are sufficiently low, or at transition and the lineage marker, allowing the marker to be used to identify infected cells. To confirm that cortical cells coexpress the virally periods before EGFR levels become too high. This has transduced EGFR and ␤-geo at high frequency, as observed in important implications for the potential mobilization of retinal cells (Lillien, 1995) , some of the sections of brains infected endogenous EGF-responsive stem-like cells (Reynolds at E15 were processed for X-gal histochemistry, then stained immuand Weiss, 1992). To increase the likelihood that they nocytochemically using an antibody against the antigenically disdivide as multipotential cells, it may be necessary to tinct huEGFR and visualized with diaminobenzidine. While all cells that expressed ␤-gal also expressed the huEGFR, ‫%08ف‬ of the use lower concentrations of exogenous ligand to mobicells that expressed the huEGFR also expressed ␤-gal. Thus, in all lize them (Craig et al., 1996) or lower the concentration subsequent analysis of the X-gal processed tissue, we used the of endogenous ligand.
presence of the blue precipitate as indicative of an infected cell.
Fetal Surgery
EGFR Contributes to Timing of Germinal
Timed pregnant Sprague-Dawley rats were obtained from Harlan Zone Maturation (Indianapolis, IN) and maintained on a 12 hr light-dark cycle with Cortical progenitor cells have been reported to change free access to food and water. The vaginal plug date is considered in many ways during mid to late fetal development, in-E0. Rats were anesthetized (with 4% chloral hydrate; 1 cc/100 g cluding the extent of their potential to generate both body weight), the surgical field was sterilized, and the animals were submersed in a 37ЊC bath of Locke's solution (in M: 1.54 NaCl, 0.056 neurons and glial cells (Williams and Price, 1995) and KCl, 0.024 NaHCO3, and 0.022 CaCl2) . The uterus was accessed by their competence to contribute to specific layers of the a midline laparotomy, and the uterine horns were carefully lifted from cortex (Frantz and McConnell, 1996) . Temporal varia- McConnell, 1996) , and it has been suggested that differof the injected embryos within the uterine horn, the uterus was returned to the abdominal cavity and closed with surgical suture.
ential inheritance of asymmetrically distributed regulaFetuses were allowed to develop for variable survival times prior to tory molecules could be involved in generating these sacrifice. On the day of sacrifice, dams were anesthetized (with changes (Chenn and McConnell, 1995; Zhong et al., same receptor with the same ligand. Our results suggest (E14 ϩ 7) and those injected on E15 and sacrificed on E20 (E15 ϩ that different thresholds of stimulation underlie distinct 5) were processed immunocytochemically using standard protocols, in which primary antibodies were applied as cocktails (␤-gal: responses, and that the combination of receptor and Marshall, 1995; Daub et al., 1996; Graff et al., (Molecular Probes) for the S100␤ or GFAP. Sections were washed 1996; Pinkas-Kramarski et al., 1996) . Future studies will extensively with PBS and mounted with 80% glycerol and 5% propyl address the intracellular mechanisms that underlie dis- Cell counts performed on sections stained as whole mounts for X-gal histochemistry were spaced at 90 m intervals throughout and the retrovirus transducing the wild-type human EGF receptor the rostrocaudal extent of the cerebral cortex. X-galϩ cells were determined to be 5 ϫ 10 6 -10 7 CFU/ml using 3T3 cells (Ausuble et al., 1995) . Growth factors were added daily to the medium beneath counted using a Leitz DM RBE microscope with a 20ϫ objective, and their laminar location was recorded. Data were tabulated and the filters, beginning 1 day after infection. Similar results were obtained with 1 and 10 ng/ml added daily, so results have been pooled. graphed using Sigma Plot 5.0 (Jandel Scientific). Cell counts on sections stained immunocytochemically were performed on secPrevious work by others suggested that the relative abundance of multipotential cells is low at late embryonic ages in cortex (Williams tions spaced at least 60 m apart, analyzed on a Leitz DM RBE microscope using epifluorescent illumination and 20ϫ and 40ϫ oband Price, 1995) . The mode of infection that we used targets the progenitor cells lying near the ventricular surface. Our results sugjectives.
For quantitative analysis of fluorescence intensity, images were gest that at E18, this population may be enriched for multipotential cells relative to the rest of the proliferative zone. Monolayer cultures: captured and line scans were performed with a Bioquant Image Analysis system (R and M Biometrics Inc., Nashville, TN). For analy-1 day after explants were infected, tissue was treated with trypsin (0.1%, Sigma) in Ca 2ϩ -Mg 2ϩ -free Hank's balanced salt solution sis of migration, initial examination of tissue infected at E15 and stained by X-gal 5 days later indicated that while cell distribution (GIBCO) for 20 min at 35ЊC and triturated in DNase ϩ egg white trypsin inhibitor (0.1 mg/ml each, Sigma) in serum-free medium. in the cerebral wall of receptor-infected animals was similar between brains, there was some variability in the number of receptor-infected Dissociated cells were pelleted by centrifugation and resuspended in serum-free medium. Cells (10 5 /well) in 0.4 ml serum-free medium cells in the CP and marginal zone. This variabilty was not seen in animals processed immunocytochemically for ␤-gal expression.
(described above) with or without TGF␣ (recombinant human; Collaborative Biomedical) were cultured in 24-well plates containing 12 Quantitative analysis was therefore performed using the antibodystained material in the E15 ϩ 5 and E14 ϩ 7 cases. Individual secmm glass coverslips coated with poly-ornithine (Sigma). Fresh TGF␣ was added daily. In some experiments, cells or spheres (see below) tions from EGFR-infected brains usually contained many more ␤-galϩ cells than controls. Comparisons in distribution were made were cultured on a layer of Matrigel (growth factor reduced, diluted 1:4 with serum-free medium; Collaborative Biomedical) on glass from the sum of all sections analyzed.
For analysis of migration 2 days after infections at E15, the cerecoverslips in 24-well plates. Sphere cultures: Cells dissociated as described above were cultured on uncoated tissue culture plastic bral wall was divided into four equal zones, and the percentage of cells within each zone was calculated. Control infected cells (N ϭ (Costar) at 5 ϫ 10 4 cells/well in 0.4 ml serum-free medium containing TGF␣ or EGF (recombinant human; Upstate Biotechnology Inc.). 140) from three animals and EGFR-infected cells (N ϭ 175) from three animals were counted. Analysis was performed on sections Fresh medium (200 l/well) and growth factors were added every fourth day. This differs from cultures used for clonal analysis. of brains stained as whole mounts for X-gal histochemistry. For analysis after 5 days, the cerebral wall was divided into five morphoSpheres still could be generated if ligand was added daily, though 0.1 ng/ml added daily was equivalent to adding 1-10 ng/ml every logically distinct zones, and the percentage of infected cells within each zone was calculated. Infected cells were visualized immunocyfourth day. To estimate the probability that an infected cell generates a sphere, we counted the number of infected cells that were present tochemically using anti-␤-gal. Control infected cells (N ϭ 443) from four animals and EGFR-infected cells (N ϭ 1340) from three animals initially, the number of spheres generated after 10-12 days, and the proportion of spheres that were labeled with anti-huEGFR or antiwere counted. For analysis of cells 4 days after infections at E14, cells were visualized in sections following whole mount X-gal histo-␤-gal. To allow cells in spheres to differentiate, spheres were rinsed by centrifugation (for 5 min at 1550 rpm) and transferred to Matrigelchemistry. Control infected cells (136) from five animals and EGFRinfected cells (1321) from three animals were counted. For analysis coated glass coverslips (described above) in serum-free medium for 5-7 days. after 7 days, cells counted were visualized immunocytochemically using anti-␤-gal. In Figures 3f and 3h , control infected cells (N ϭ 345) from three animals and EGFR-infected cells (N ϭ 1782) from Cell Counts Using Immunocytochemistry and X-gal three animals were counted. In Figure 3g , control infected cells (N ϭ Histochemistry In Vitro 174) from three animals and EGFR-infected cells (N ϭ 1354) from Explants: Explants were fixed in 4% paraformaldehyde (Sigma) overthree animals were counted. night at 4ЊC, rinsed, and embedded in 7.5% gelatin (Sigma). Frozen For analysis of cellular phenotype, control infected cells (N ϭ 179) sections (10 m) were stained overnight at 4ЊC with either rabbit from four animals and EGFR-infected cells (N ϭ 635) from three anti-␤-gal (5-Prime, 3-Prime) or rabbit anti-human-specific EGFR animals were counted for GFAP analysis; control infected cells (N ϭ (Austral Biologicals) together with mouse anti-S100␤ (Sigma) or 276) from four animals and EGFR-infected cells (N ϭ 714) from three mouse anti-GFAP (Sigma). ␤-gal and EGFR antisera were visualized animals were analyzed for S100 expression. Results are expressed with goat anti-rabbit Cy3 (Jackson ImmunoResearch); S100␤ and as the mean Ϯ SEM.
GFAP with goat anti-mouse BODIPY-fluorescein (Molecular Probes). For staining with bromodeoxyuridine (BrdU), sections were treated with 1 N HCl for 20 min and 0.15 M borate buffer for 10 min prior Cultures Explants: Timed pregnant Sprague-Dawly rats were euthanized with to incubation overnight with anti-BrdU (BU20a, gift of Dr. D. Mason) (Magaud et al., 1988) , which was visualized with anti-mouse Cy3 CO 2 , and embryos were transferred to Hank's balanced salt solution (GIBCO). Embryos were staged by crown-rump length and external (Jackson ImmunoResearch). For each condition, three to four explants in which 50-100 cells were counted per explant were used, features (Angulo y Gonzales, 1932; Long and Burlingame, 1938) , with plug date taken as E0. The cerebral hemispheres (hippocampus and the mean Ϯ SEM was determined. For X-gal histochemistry, explants were fixed in 0.5% glutaraldehyde (Sigma) for 7.5 min, ϩ dorsolateral cortex) of E12 embryos, or the dorsolateral cortices of E15, E16, or E18 embryos were dissected without removing merinsed in PBS, and incubated overnight in X-gal (Molecular Probes; Ausuble et al., 1995) at 37ЊC. Stained explants were embedded in ninges and transferred to Nucleopore filters (0.2 m pore size; Costar) floating on culture medium in 35 mm dishes (Corning). The 7.5% gelatin (Sigma), frozen, sectioned (50 m), and stained with diamidophenylindole (Molecular Probes). Stained sections were tissue was placed on the filters with the meningeal surface up. Culture medium consisted of either Dulbecco's Modified Eagle Memounted in glycerol-PBS and viewed with a Leitz DMR microscope using bright field and epifluorescence. Monolayer cultures: Covdium:F12 containing N2 supplements (Bottenstein and Sato, 1979) made up from individual components (Sigma) as described (Lillien erslips containing monolayers or spheres allowed to differentiate were fixed in 4% paraformaldehyde for 10 min and stained for 1 hr and Cepko, 1992) and 25 g/ml insulin but no serum or Dulbecco's Modified Eagle Medium:F12 (1:1; GIBCO) containing 5% fetal calf at room temperature with either rabbit anti-␤-gal (5-Prime, 3-Prime) or rabbit anti-huEGFR (Austral Biologicals) together with mouse antiserum (Hyclone) and 25 g/ml insulin (bovine, Sigma). Explants were infected 30-60 min after placement on filters by adding 25-30 l of S100␤ (Sigma), mouse anti-GFAP (Sigma), mouse anti-MAP-2 (gift of Dr. I. Fisher; Crandall and Fischer, 1989) , or mouse anti-Rip (Develvirus in culture medium to the tops of the filters. The virus does not infect the overlying meningeal cells, but instead appears to collect opmental Studies Hybridoma Bank; Friedman et al., 1989) . Antibodies were visualized as described above. Coverslips were mounted in in the space beneath the explant, between the explant and the filter, facilitating higher frequency and preferential infection of VZ cells glycerol-PBS. Spheres: Spheres were transferred to poly-D-lysinecoated glass slides and allowed to attach for 3-4 hr. They were then than if explants are infected VZ up. The titer of the viruses was fixed for 10 min in 4% paraformaldehyde and stained with rabbit transcription of the EGF receptor in signaling by G-protein-coupled receptors. Nature 379, 557-560. anti-␤-gal (5-Prime, 3-Prime) or rabbit anti-human EGFR (Austral Biologicals) for 1 hr at room temperature. Antisera were visualized Diaz-Benjumea, F.J., and Hafen, E. (1994) . The sevenless signaling with goat anti-rabbit Cy3 (Jackson Immunoresearch), and coverslips cassette mediates Drosophila EGF receptor function during epiderwere mounted in glycerol-PBS. mal development. Development 120, 569-578.
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